One sentence summary: Genome analysis of two Dehalococcoides mccartyi strains enriched from polychlorinated dibenzo-p-dioxin-contaminated river sediments revealed the possible involvement of a tetrachlorobenzene reductive dehalogenase gene homologue (cbrA) in reductive dechlorination of chlorinated dibenzo-p-dioxins. Editor: Christof Holliger † Max M. Häggblom, http://orcid.org/0000-0001-6307-7863
INTRODUCTION
Polychlorinated dibenzo-p-dioxins (PCDDs) are among the most notoriously persistent aromatic contaminants in the environment. 'Hot spots' with high concentrations of PCDDs and other co-existing pollutants, such as polychlorinated dibenzofurans (PCDFs), polychlorinated biphenyls (PCBs), chlorobenzenes and chlorophenols, pose an enormous problem to the environment and human health. The New York-New Jersey Harbor estuary (USA) and the Kymijoki River (Finland) are two regions highly impacted by anthropogenic activities and contaminated with a vast array of environmental pollutants. The Hackensack River is located in the highly urbanized area within the great metropolitan of New York and New Jersey and is contaminated with not only PCDDs, but also heavy metals, dichlorodiphenyltrichloroethane and polycyclic aromatic compounds (Wenning et al. 2004) . The Kymijoki River is known for its high concentration of PCDD/Fs in its sediments from production and utilization of a chlorophenolbased wood preservative (Salo et al. 2008; Verta et al. 2009 ).
Even though PCDDs are persistent and toxic, they are biodegradable by certain microorganisms (Adriaens and Grbić-Galić 1994; Ballerstedt, Kraus and Lechner 1997; Bunge et al. 2003; Ballerstedt et al. 2004) . Dechlorination of PCDD/Fs was observed in enrichment cultures established using sediments collected from contaminated sites of the Kymijoki River (Liu et al. 2013; Liu, Park and Häggblom 2014; Kuokka, Rantalainen and Häggblom 2014a; Kuokka et al. 2014b) . Dehalogenating bacteria including Dehalococcoides spp. have been detected in these sediments. In our recent study, PCDD dehalogenating cultures were enriched from anoxic sediments collected from the Hackensack and Kymijoki rivers. Dechlorination activities towards 1,2,3,4-tetrachlorodibenzo-p-dioxin (1,2,3,4-TeCDD) were observed and Dehalococcoides spp. were enriched to a high relative abundance in both Hackensack enrichment cultures (Dam and Häggblom 2017) and Kymijoki enrichment cultures (unpublished data) .
Reductive dechlorination in Dehalococcoides is mediated by reductive dehalogenases (RdhA) as the key enzymes, and in some cases, PCDD dechlorination can support the growth of Dehalococcoides as the sole mode of energy conservation (Bunge et al. 2003; Löffler et al. 2013; Pöritz et al. 2015) . RdhAs are terminal reductases that facilitate the last step of the electron transfer in organohalide-respiring bacteria to external electron acceptors (i.e. chlorinated or brominated compounds). This leads to the removal of a halogen atom from their organic backbone. Members of Dehalococcoides have been shown to possess a high number of reductive dehalogenase homologous genes (rdhA) encoding for putative RdhAs, with up to 36 rdhA genes found in the genome of Dehalococcoides mccartyi strain VS (McMurdie et al. 2009 ). However, functions of the majority of RdhAs are still unknown. The slow growth rate of Dehalococcoides spp. as well as the high sensitivity to oxygen of RdhAs often hinders the success in studying the physiology of Dehalococcoides and the substrate specificity of RdhAs using conventional biochemical approaches (Hölscher, Görisch and Adrian 2003) . So far, only a very few RdhAs of Dehalococcoides have been (partially) purified and subjected to biochemical characterization (Magnuson et al. 1998 (Magnuson et al. , 2000 Müller et al. 2004; Adrian et al. 2007) . Heterologous overproduction of RdhA could provide sufficient quantity of the enzyme for biochemical characterization; however, so far there is only one successful attempt to express an rdhA gene of a Dehalococcoides strain in Escherichia coli (Parthasarathy et al. 2015) . Transcriptional analysis has been used as an alternative approach to assign substrate specificity to RdhAs (Krajmalnik-Brown et al. 2004; Fung et al. 2007; Chow et al. 2010; Wang et al. 2015) .
Most studies on the substrate specificity of RdhAs have focused on reductive dechlorination of chlorinated compounds that are less complex and more water soluble, such as chloroethenes, chloroethanes, and chlorophenols. A recent study aimed to determine the substrate specificity in reductive dechlorination of PCBs (Wang et al. 2015) . However, little is known about RdhAs involved in dechlorination of PCDDs. Wagner et al. (2013) demonstrated that 2,3-dichlorodibenzo-pdioxin (2,3-DiCDD) induced transcription of almost all rdhAs in D. mccartyi strain CBDB1, in which four genes (cbdbA84 (cbrA), cbdbA1453, cbdbA1624, and cbdbA1588) were transcribed to a higher level than the others. Up to now, no other study has successfully determined which RdhAs may be responsible for reductive dechlorination of PCDDs.
In order to gain a better understanding of the physiology and potential activities of PCDD dechlorinating bacteria in their native sediments, we reconstructed draft genomes of two 1,2,3,4-TeCDD dechlorinating D. mccartyi strains from metagenomes of dehalogenating enrichment cultures established from sediments of the anthropogenic-contaminated Hackensack and Kymijoki rivers. We gathered a complete list of rdhA genes and compared genomes in order to learn which genes are likely to be responsible for reductive dechlorination of PCDDs.
MATERIALS AND METHODS

Culture history
The original Hackensack River enrichment culture was established in December 2012 using 10% sediment collected from sampling site H1 on the Hackensack River (40
• 51'00 N, 74
• 01'46 W). The exact location and details of culture setup are described in Dam and Häggblom (2017) . This enrichment culture was maintained under anaerobic conditions with 1,2,3,4-TeCDD as electron acceptor, acetate as carbon source, and lactate and propionate as electron donors. 1,2,3,4-TeCDD was kept at a nominal concentration above 2 μM in the original culture as well as in the subsequent transfers. After 18 months of incubation, 10% of the original culture was used to establish a subculture to reduce the amount of sediment as well as dechlorination products. The first subculture was then split equally into two subcultures after 6 months. Dechlorination activity was monitored periodically by gas chromatography-mass spectrometry as described in Dam and Häggblom (2017) . After an additional 7 months of incubation, one replicate (culture H1-3-2 with an estimated 0.5% vol/vol sediment) was harvested for DNA extraction and subsequent metagenome sequencing. The Kymijoki River sediment was collected during a sampling trip in June 2013 and was kept at 4
• C until being fur- MA, USA). The metagenomes were assembled with Megahit (Li et al. 2015) . All resulting contigs that were smaller than 1500 base pairs were combined and reassembled using Newbler (Life Technologies, Carlsbad, CA, USA) to maximize the number of binnable contigs, as nucleotide-composition-based binning is only feasible at contig lengths of more than 1 kb. All original contigs of more than 1500 bp and Newbler-reassembled contigs of more than 1000 bp were combined and binned using Maxbin to reconstruct single pan-genomes (Wu et al. 2014) .
For maximum comparability, basic bin statistics were primarily calculated with the widely used genome evaluation tool CheckM (Parks et al. 2015) , using the 'lineage wf' workflow. These statistics were then complemented by two additional independent methods for inferring bin completeness: (i) comparison against the reference core genome of the genus, and (ii) determination of tRNA species in the bins.
Orthologs were detected by pairwise bidirectional BLAST analyses of predicted protein sequences of 24 publicly available Dehalococcoides reference genomes as well as the two metagenomic bins (Table S1 , Supporting Information) using proteinortho5 (Lechner et al. 2011) . The Dehalococcoides core genome was defined as the portion of the Dehalococcoides pan-genome for which at least one ortholog could be found in every reference genome. Due to the close relatedness of all currently known Dehalococcoides strains, relatively strict cutoff values were selected by using the parameters '−e = 1e−08 −identity = 60 −cov = 60 −selfblast'. Reference core genes not found in one or both of the bins are listed, together with reference annotations and accession-numbers (Table S1 , Supporting Information).
tRNAs were predicted using Aragorn (Laslett and Canback 2004) . Completeness was then estimated based on the proportion of essential tRNA species (one of each of the 20 common amino acids), for which genes were predicted in the respective bins.
Open reading frame (ORF) calling and functional annotation were done using PROKKA v1.12 (Seemann 2014) . The genomes of D. mccartyi reference strains CBDB1, DCMB5 and 195, which were previously examined for their ability to degrade chlorinated dibenzo-p-dioxins (Bunge et al. 2003; Fennell et al. 2004; Pöritz et al. 2015) , were used as preferred annotation references in the form of a genus database. Annotations of rdhA genes were curated manually. rdhA genes were identified by comparing ORFs with a customized database of more than 600 RdhA amino acid sequences (see Supporting Information) from pure dehalogenating cultures and well-characterized mixed cultures. The comparison was carried out using the BLAST tool with an e-value cut-off of 10 −5 (Altschul et al. 1990 (Altschul et al. , 1998 ).
Construction of phylogenetic trees
A maximum likelihood phylogenetic tree of 16S rRNA gene sequences of five members of the phylum Chloroflexi retrieved from the metagenomics data with a sufficient length was reconstructed using the MEGA software package (version 6.0) (Tamura et al. 2013) . Prior to phylogenetic tree reconstruction, 16S rRNA gene sequences of Chloroflexi in the two metagenomes and selected 16S rRNA sequence representatives were aligned using ClustalW. Alignment of RdhAs of the two binned D. mccartyi strains in H1-3-2 and KKB3 enrichment cultures and a selected subset of 159 RdhA sequences (from the 600 RdhA database) was performed using ClustalW on the MEGA software package as described above and was manually edited if needed. One hundred and fifty nine representative RdhA sequences were chosen from well-characterized dehalogenating bacterial isolates belonging to different taxonomic phyla. Only RdhA sequences >300 amino acids were included in the analysis as suggested by Hug et al. (2013) . In this study, the genomes were reconstructed from metagenomes and are fragmented. A higher cutoff value of RdhA sequence length was not used to avoid the underestimation of the number of full-length rdhA genes. A maximum likelihood phylogenetic tree with 500 bootstrap iterations was then reconstructed. The phylogenetic tree with a circular conformation was visualized and edited using the Figtree program (version 1.4.2) (http://tree.bio.ed.ac.uk/software/figtree/).
Accession Numbers
The raw read metagenomes are deposited in the Sequence Read Archive on NCBI under bioproject accession number PR-JNA395380. 16S rRNA gene sequences of five bacteria belonging to the phylum Chloroflexi were deposited in GenBank under accession numbers MF398309-MF398313.
RESULTS AND DISCUSSION
General features of metagenomes and dechlorinating microbial community
The metagenome of the Hackensack River enrichment culture H1-3-2 consisted of 131 Mbp and was assembled into 63 515 contigs with an average length of 2063 bp. The Kymijoki River enrichment culture KKB3 had a metagenome size of 170 Mbp; it was assembled into 59 034 contigs with an average contig length of 2886 bp. The numbers of predicted protein coding genes of cultures H1-3-2 and KKB3 were 118 444 and 135 079, respectively (Table 1) .
In the Hackensack River culture, the microbial community was drastically simplified after long-term incubation under anaerobic conditions with 1,2,3,4-TeCDD as the terminal electron acceptor, which was revealed by terminal restriction fragment analysis (see Fig. S1 , Supporting Information). Three different bacterial species belonging to the class Dehalococcoidia of the phylum Chloroflexi were found, totaling 59% of the total microbial community (Figs. 1 and 2). Among these three Dehalococcoidia species, the binned genome of the most abundant bacterium, closest to D. mccartyi, was reconstructed with a completeness of 92% (Table 2 ). This strain, accounting for 56% of the community, is referred to as D. mccartyi H1-3-2.001. No other nonDehalococcoidia members of the phylum Chloroflexi was found in the metagenome. In previous 1,2,3,4-TeCDD dechlorinating enrichment cultures of Hackensack River sediments, we also observed, via a Chloroflexi-specific nested PCR-DGGE approach, the enrichment of a Dehalococcoides spp. community, while nonDehalococcoidia members of the Chloroflexi were present only in low abundance (Dam and Häggblom 2017) . The enrichment of only Dehalococcoides spp. by 1,2,3,4-TeCDD is not unexpected, as so far, only Dehalococcoides has been shown to use PCDDs with more than three chlorines for respiration (Bunge et al. 2003; Fennell et al. 2004; Yoshida et al. 2009; Pöritz et al. 2015) .
In the Kymijoki River KKB3 enrichment culture, two bacteria belonging to the class Dehalococcoidia were found, which only made up 12% of the total microbial community (Fig. 1) . One strain, referred to as D. mccartyi KKB3.003, had a binned genome with 97% completion (Table 2) , representing 11% of the microbial community in the KKB3 culture. The binned genome of the other Dehalococcoidia bacteria in KKB3 enrichment culture, i.e. KKB3.021, had a completeness of 77%. Four rdhA genes were detected but they were not closely related to Dehalococcoides-type rdhAs. Four non-Dehalococcoidia members of the Chloroflexi were also found in the KKB3 culture, which combined accounted for 5.4% of the community. Their further phylogenetic affiliations were not resolved (Fig. 1) . The presence of non-Dehalococcoidia Chloroflexi in Kymijoki River sediment cultures has been previously observed, while Dehalococcoides spp. were enriched during dechlorination (Ahn et al. 2008; Liu et al. 2013; Liu, Park and Häggblom 2014; Kuokka et al. 2014b) .
The role of Chloroflexi bacteria other than D. mccartyi strains H1-3-2.001 and KKB3.003 in dechlorination of 1,2,3,4-TeCDD in these sediments cannot be ruled out. However, their low abundance in the enrichment cultures and the drastic increase in their relative abundances in response to the decrease of 1,2,3,4-TeCDD after long-term incubation suggested that D. mccartyi strains H1-3-2.001 and KKB3.003 are the key players in the reductive dechlorination of the target chlorinated compound. The contribution of other Chloroflexi in dechlorination of 1,2,3,4-TeCDD, if any, might be a co-metabolic process.
Members of the Deltaproteobacteria made up only 14% of the microbial community (based on rRNA gene copy number) in the H1-3-2 enrichment culture but dominated (53%) the KKB3 culture ( Fig. 1) , which had not been transferred and still contained a large proportion of sediment. Notably, Desulfobacteraceae, the most dominant family within the Deltaproteobacteria in the KKB3 enrichment culture, accounted for 26.6% of the total microbial community. Members of the Desulfobacteraceae family can grow by sulfate reduction as well as by the fermentation of short chain organic acids that were amended in our enrichment cultures as electron donors for dehalogenating bacteria, or utilize residual organic material present in sediment (Kuever 2014) . Our enrichment strategy did not include sulfate reducing bacterial inhibitors; therefore, Desulfubacteraceae still made up a large portion of the community. This suggested that the organic matter amended in the enrichment culture is sufficient to support the growth of the complex bacterial community and that sulfatereducing bacteria belonging to Deltaproteobacteria are not inhibited by the presence of 1,2,3,4-TeCDD. Archaea accounted for 9% of the H1-3-2 and <2% of the KKB3 enrichment culture total microbial community (Fig. 1) . Most Archaea in the H1-3-2 enrichment culture are members of the Methanoregulaceae family, which grow on the same source of electron donor and acetate, as Dehalococcoides spp. Gas was not extensively produced in the enrichment cultures, which suggests that in the presence of chlorinated compounds and limited amount of organic acids, methanogens did not successfully compete with dehalogenating bacteria. Other putative dehalogenating bacteria, such as Desulfitobacterium and Dehalobacter, were not found in our enrichment cultures.
General features of assembled draft genomes of the two dominant Dehalococcoides strains
The two dominant D. mccartyi strains (H1-3-2.001 and KKB3.003) in the H1-3-2 and KKB3 enrichment cultures had similar estimated binned genome sizes of 1.3 and 1.4 Mbp, respectively (Table 2) . Although full length 16S rRNA genes for both strains could not be assembled, it is notable that their partial sequences shared 100% similarity over 881 bp sequence length (Fig. 2) . In Figure 2 . Maximum likelihood phylogenetic tree of 16S rRNA genes of five Chloroflexi representatives retrieved from metagenomes of H1-3-2 and KKB3 enrichment cultures. Chloroflexi binned genomes without 16S rRNA genes or with 16S rRNA genes of short length were excluded from the analysis. 16S rRNA gene sequences of representative Chloroflexi were imported from NCBI, their accession numbers are presented in parentheses. The tree is drawn to scale with branch lengths measured in the number of substitutions per site. Bootstrap values from 500 iterations are indicated at the nodes. the H1-3-2 enrichment culture, the D. mccartyi H1-3-2.001 binned genome contains 481 contigs, ranging in size from 1000 to 15 989 bp, with an average length of 2766 bp. The genome encoded for 1810 proteins, of which 1430 were functionally predicted. The KKB3.003 binned genome had a total of 403 contigs, which ranged in size from 1000 to 15 504 bp. The average length of contigs was 3362 bp. The genome of D. mccartyi KKB3.003 had 1688 protein encoding sequences, and the functions of 1334 proteinencoding sequences were assigned. Both D. mccartyi genomes were binned using the Maxbin tool. The completeness of the reconstructed genomes as well as the level of genome contamination was determined based on a set of bacterial marker genes on CheckM, core genome analysis, and tRNA species ( Table 2) . The completeness of binned genomes of D. mccartyi strains H1-3-2.001 and KKB3.003 determined based on core genome comparison was 78% and 91%, respectively. Completeness was calculated as the proportion of the reference core genome for which orthologs could be detected in the respective bins. However, due to the highly fragmented nature of the bins, many core genes may be fragmented within the bins and therefore not recognized as true orthologs by this method. Therefore, this analysis is likely an underrepresentation of the actual bin completeness. Nonetheless, the completeness of more than 90% and the contamination level of less than 2% of the two reconstructed genomes based on CheckM were comparable with other studies and exceeded the requirements for high-quality draft genomes reconstructed from single cells and metagenomes as proposed by Bowers et al. (2017) . At this moment, with the focus on exploring features of genes that are involved in respiratory reductive dechlorination, we did not attempt to close the genomes of these two D. mccartyi strains.
rdhA genes rdhAs were identified based on sequence similarity to known rdhAs as well as on the presence of a twin-arginine signal motif encoding sequence at the 5 end and two iron-sulfur clusters binding motif encoding sequences at the 3 end. The reconstructed genomes of the two Dehalococcoides strains obtained from the metagenomics data consisted of many short contigs. In many cases when rdhA genes were located on such short contigs of approximately 1500 bp, part of their sequence was truncated. Overall, D. mccartyi H1-3-2.001 harbored 31 putative full length or nearly full length genes encoding for RdhAs. Due to the fact that the binned genomes of the two enriched D. mccartyi strains are fragmented, the cutoff of 300 amino acids was used to avoid the underrepresentation of rdhA genes in the binned genomes. Of these 31 putative genes, 17 rdhA genes had a full length of approximately 1500 bp, with complete encoding sequences for two iron-sulfur cluster binding motifs and a twin-arginine signal motif. Seven rdhA genes were almost full length, but their sequences were truncated by the ending of the respective contig. Dehalococcoides mccartyi KKB3.003 had a total of 26 putative rdhA genes corresponding to proteins of more than 300 amino acids, 18 of which were full length and 5 genes that were missing the sequences encoding for twin-arginine motif or the two iron-sulfur cluster binding sites. However, similar to what was observed for D. mccartyi H1-3-2.001, it is very likely that their sequences were truncated at the 5 or 3 end of the available contigs. Sequence analysis revealed that the majority of rdhA genes of the two strains shared high similarity with those of known D. mccartyi strains isolated from freshwater environments. The majority of rdhA genes (24 of 31 rdhA genes in H1-3-2.001 and 24 of 26 rdhA genes in KKB3.003) shared more than 90% similarity at the amino acid level with rdhA genes previously found in other D. mccartyi strains belonging to three subgroups (Pinellas, Cornell and Victoria) ( Table 3) . Twenty rdhA genes in H1-3-2.001 and 20 rdhA genes in KKB3.003 belong to distinct orthologous groups based on the classification system proposed by Hug et al. (2013) using the 90% pairwise amino acid identity cutoff. Although the two strains have different suites of rdhA genes, they shared 13 ortholog pairs of which the amino acid sequence similarity ranged from 95.4 to 100%. (Table 3 ; Fig. 3 ), suggesting overlap in their organohalide substrate ranges.
In order to obtain more information about different rdhA genes, the genomes of the two D. mccartyi strains H1-3-2.001 and KKB3.003 were aligned against the closely related D. mccartyi strain CBDB1. Similar to genomes of other known D. mccartyi strains (Kube et al. 2005; Seshadri et al. 2005; McMurdie et al. 2009; Pöritz et al. 2013) , rdhA genes appeared to cluster within two regions of the genome. Other D. mccartyi strains also exhibit the localization of the majority of rdhA genes in two high plasticity regions (HPRs) of their genomes (McMurdie et al. 2009 : Pöritz et al. 2013 Low et al. 2015) . In the genome of D. mccartyi H1-3-2.001, 5 rdhA genes clustered in HPR1 and the 18 other rdhA genes clustered in HPR2. The total proportion of rdhA genes took up 8.9% and 13.7% of total sequence length of the two mentioned regions. Six contigs that contained six rdhA genes (HK rdhA26, HK rdhA27, HK rdhA28, HK rdhA29, HK rdhA30, and HK rdhA31) were not aligned with either HPR1 or HPR2 within the genome of D. mccartyi strain CBDB1. Sequences of these six rdhA genes and rdhA genes of D. mccartyi CBDB1 share less than 60% amino acid identity, except for HK rdhA28 that was 87.7% similar to the protein sequence encoded by cbdbA1535. This is not unexpected, since rdhA genes belong to a group of strain-specific genes of the various Dehalococcoides strains. Clustering of rdhA genes in the genome of D. mccartyi KKB3.003 was similar to that of strain H1-3-2.001: 3 rdhA genes were located in the one region and 12 rdhA genes were clustered in the other region, 7 rdhA genes (KKB3 rdhA20, KKB3 rdhA21, KKB3 rdhA22, KKB3 rdhA23, KKB3 rdhA24, KKB3 rdhA25, KKB3 rdhA26) that shared less than 60% amino acid similarity to rdhA genes of strain CBDB1 were not aligned with the genome of strain CBDB1 as the reference genome.
RdhA-associated genes
When rdhA genes were located on short contigs, part of their sequence was truncated and rdhA-associated genes were often not detectable. The rdhB genes, which encode for small hydrophobic proteins-presumably serve as membrane anchoring proteins for RdhAs, are found only in close proximity to rdhAs. A total number of 19 and 21 rdhB gene sequences were present in the binned genomes of H1-3-2.001 and KKB3.003, respectively. The length of RdhB sequences was found to be between 90 and 115 amino acids, except for one RdhB with only 44 amino acids, possibly because it was truncated at the 5 end. Genes associated with rdhAB clusters were mostly of the MarR-type transcriptional regulator and two-component regulatory system, which consists of a histidine kinase and a DNA binding response regulator, as found in the other D. mccartyi genomes (Kube et al. 2005; Wagner et al. 2013) , even though the exact numbers could not be determined.
In a recent study, the RdhA of D. mccartyi CBDB1 was shown to be part of a respiratory protein complex in which the respiratory electron is transferred from hydrogen as an electron donor to 1,2,3,4-tetrachlorobenzene as an electron acceptor (Kublik et al. 2016) . Genes encoding for components of the protein complex, including hydrogen uptake [Ni/Fe] hydrogenases, iron-sulfur cluster binding units of the [Ni/Fe] hydrogenase, and complex iron-sulfur molybdoenzymes (CISM) (annotated as formate dehydrogenase by the Prokka platform) were also found in the reconstructed genomes of the two D. mccartyi strains (Table S2 , Supporting Information). They shared 98%-100% sequence similarity to the corresponding components of the protein complex found in D. mccartyi CBDB1.
Similar to other Dehalococcoides spp., the two enriched D. mccartyi strains in our 1,2,3,4-TeCDD dehalogenating enrichment cultures appear to depend on extraneous source of corrinoid cofactors for their RdhAs. The reconstructed draft genomes of D. mccartyi strains H1-3-2.001 and KKB3.003 do not harbor genes encoding for a complete de novo corrinoid synthesis. However, they contain a complete set of genes that encode for the vitamin B 12 ABC transporter permease for corrinoid uptake and genes that are involved in synthesis of adenosylcobalamin from its precursors, such as cobalamin, cobinamide, and 5,6-dimethylbenzimidazole (Table S2 , Supporting Information).
Potential substrate range of RdhAs
The two D. mccartyi strains from the Hackensack River and Kymijoki River sediments have identical 16S rRNA genes over 881 bp, but they contain distinct suites of rdhA genes, suggesting that they are divergent and might have different chlorinated substrate ranges, allowing them to respire on different chlorinated substrates in their respective habitats. Since the two sites are far away from each other on two continents and with very different industrial exposure, the chlorinated compound spectra can be different, which leads to divergent strategies for adaptation of the dehalogenating bacteria to different chlorinated compound profiles. Unfortunately, we do not have a comprehensive organohalide analysis of these sites. However, 13 rdhA genes of the two D. mccartyi strains shared more than 90% amino acid sequence similarity to each other and to rdhA genes from other D. mccartyi strains (Table 3) . Interestingly, HK rdhA3 and KKB3 rdhA2 shared 100% and 99.8% similarity at the amino acid level to cbrA (cbdbA84) of D. mccartyi CBDB1, respectively (Table 3 ). The rdhB gene sequences associated with HK rdhA3 and KKB3 rdhA2 also shared 100% similarity to cbrB which is associated with cbrA of strain CBDB1, suggesting that the evolution of these two genes by the two D. mccartyi strains in this study occurred simultaneously.
The cbrA gene of D. mccartyi CBDB1 encodes for the only known RdhA active in the dechlorination of 1,2,3,4-tetrachlorobenzene coupled to energy conservation and growth (Adrian et al. 2000 . Recently, an RdhA from Dehalobacter sp. strain TeCB1 was found to be able to dechlorinate chlorobenzenes, but limited to 1,2,4,5-tetrachlorobenzene and 1,2,4-trichlorobenzene (Alfán-Guzmán et al. 2017) . In addition to reductive dechlorination of chlorobenzenes, a recent study by Wagner et al. (2013) showed that the expression of cbrA was induced to the highest level of all four tested rdhA genes in the presence of 2,3-DiCDD. The growth of strain CBDB1 was also supported by reductive dechlorination of chlorinated dibenzop-dioxins (Bunge et al. 2003) . Genome sequence analysis of another chlorinated dibenzo-p-dioxin-reductively dechlorinating bacterium (D. mccartyi DCMB5) revealed that this strain also possesses an ortholog of the cbrA gene (dcmb 86 which shares 99% amino acid similarity to cbrA) (Bunge et al. 2008; Pöritz et al. 2013 Pöritz et al. , 2015 . No other full length rdhA genes from other Dehalococcoidetes isolates have more than 60% similarity at the amino acid level to cbrA according to the basic BLAST search on NCBI. The other three upregulated rdhA genes (cbdbA1453, cbdbA1624 and cbdbA1588) in D. mccartyi CBDB1 during dechlorination of 2,3-DiCDD (Wagner et al. 2013) were not present in either binned genome of the D. mccartyi strains of our TeCDD-dechlorinating enrichment cultures (Table 3) . In order to rule out that these three genes may be present in the organisms' genomes but were not captured in the bins, we searched for these genes in the un-binned metagenome assemblies. For maximum sensitivity, tblastn was used to search for the candidate genes and no coverage cutoff was applied. However, no additional candidates were detected, indicating that they are not present in the enrichment cultures, and therefore not in the two D.mccartyi strains.
The four Dehalococcoides strains (i.e. CBDB1, DCMB5, H1-3-2.001 and KKB3.003) that appear to use 1,2,3,4-TeCDD as terminal electron acceptors were isolated or enriched from freshwater sediments heavily contaminated with PCDDs and other organohalides. All four abovementioned Dehalococcoides strains possess a cbrA homologue that is not present in strains isolated on chlorinated aliphatic compounds. The data suggested that long-term exposure to PCDDs selects for horizontal gene transfer of a cbrA homologue, allowing these Dehalococcoides to grow on PCDDs at the contaminated sites. D. mccartyi strain 195 also exhibited dechlorination activity towards several PCDD congeners (1, 2, 3, 1, 2, 3, 7, 2, 3, 4, 7, . However, this strain does not possess an ortholog of the cbrA gene and has not been shown to couple dechlorination of chlorinated dibenzo-p-dioxin congeners to growth (Fennell et al. 2004; Liu and Fennell 2008; Zhen et al. 2014) .
Due to the slow growth of D. mccartyi strains on 1,2,3,4-TeCDD, RT-PCR was not applied to identify the active transcription of rdhA genes, and therefore, the possibility of other RdhAs being responsible for reductive dechlorination of 1,2,3,4-TeCDD cannot be excluded. Nonetheless, it can be speculated that the gene product of cbrA and its orthologs (HK rdhA3 in D. mccartyi H1-3-2.001, KKB3 rdhA2 in D. mccartyi KKB3.003, and dcmb 86 in D. mccartyi DCMB5) may be involved in respiratory reductive dechlorination of not only chlorobenzenes, but also chlorinated dibenzo-p-dioxins.
In addition to the presence of a cbrA ortholog, the genomes of D. mccartyi strains H1-3-2.001 and KKB3.003 also contained an ortholog of mbrA (98% and 98.6% amino acid similarity, respectively) (Table 3) . mbrA is reported to be responsible for dechlorination of tetrachloroethene (PCE) to trans-dichloroethene (trans-DCE) as the end-product (Chow et al. 2010) . This suggests the potential capacity for the dechlorination of PCE to trans-DCE by these two strains. The genome of strain KKB3.003 also contained a sequence with high similarity to pceA of D. mccartyi 195 (92.5% amino acid similarity) and cbdbA1588 of D. mccartyi CBDB1 (98.4% amino acid similarity) (Table 3 ; Fig. 4) . PceA is responsible for the reductive dechlorination of PCE as well as 2,3-dichlorophenol in strain 195 (Magnuson et al. 2000; Fung et al. 2007) ; its ortholog in the genome of strain CBDB1 (cbdbA1588) was found to increase in expression when grown in chlorophenol fed medium ). The Kymijoki River was contaminated with PCDDs and dibenzofurans as impurities of the chlorophenol wood-preservative Ky-5 (Salo et al. 2008) , which would explain the presence of a chlorophenol dehalogenase.
No orthologs of tceA (D. mccartyi 195) , vcrA (D. mccartyi VS) or bvcA (D. mccartyi BAV1) were found in the genomes of either the Hackensack River or Kymijoki River strain. This may indicate that these two Dehalococcoides strains have distinct substrate spectra and dechlorination capacities compared to the three abovementioned chloroethene dechlorinating strains. However, further experiments need to be conducted to confirm these hypotheses.
CONCLUSIONS
Genomes of the two D. mccartyi strains H1-3-2.001 and KKB3.003, which accounted for 56% and 11% of the enrichment culture communities, respectively, were reconstructed from metagenomes of enrichment cultures established from the Hackensack and Kymijoki rivers. Even though the two D. mccartyi genomes are not closed (92% and 97% completeness), we were able to observe differences as well as similarities in their rdhA gene profiles, which likely reflects their exposure to different organohalide compounds in their original habitats. HK RdhA3 and KKB3 RdhA2 sequences shared high similarity and were homologous to a chlorobenzene reductive dehalogenase (CbrA). It is intriguing to note that only the four strains that appear to grow by organohalide respiration of chlorinated dibenzo-p-dioxins possess a cbrA homologue. We, therefore, hypothesized that cbrA and its orthologs (HK RdhA3, KKB3 RdhA2, and dcmb 86) contribute to respiratory reductive dechlorination of 1,2,3,4-TeCDD. Elucidating the substrate specificity of RdhAs of slow growing Dehalococcoides spp., especially on highly hydrophobic compounds such as chlorobenzenes, PCBs and PCDDs, is challenging. Comparative genome analysis allowed us to speculate on the substrate specificities of the cbrA homologue in D. mccartyi H1-3-2.001 and KKB3.003. However, further study at the transcriptional or protein level will be needed to confirm whether cbrA might be a good biomarker for respiratory reductive dechlorination of PCDDs in the environment.
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